The compatibilizing effect of pyromellitic anhydride (APy) in blends of PA12 and liquid polybutadiene (HTPB) was investigated. Blends were prepared, with or without APy, and the efficiency of this route of compatibilization was evidenced by observation of their morphologies. The addition of APy led to a finer dispersion of HTPB in the PA12 matrix. The formation of a compatibilizing block copolymer was proven by the evolution of the torque, the amine functionality and the size of the particles during blending, and by extraction of the dispersed phase followed by FTIR analysis. The effect of the mixing procedure was also investigated, and it was shown that the best dispersions were obtained when APy was added to a pre-blend of PA12 and HTPB.
Introduction
In the past decades there has been a constant interest in studying the enhancement of the impact properties of polyamides , since these are polymers showing very good mechanical properties but a rather low resilience due to a poor resistance to the propagation of an existing crack under impact. Impact toughness enhancement of thermoplastics is generally obtained trough blending with a lower modulus polymer, this second polymer being dispersed as spherical particles in a continuous matrix. The materials thus obtained exhibit enhanced impact properties combined with bulk mechanical properties (e.g., modulus) slightly inferior to those of the original material.
Such blends can be either binary blends [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] or compatibilized blends [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] . The preparation of binary blends was discussed in a former paper [66] . Compatibilized blends are blends in which a third component is added, which is usually a block-copolymer, the blocks of which show good compatibility towards the continuous phase and towards the dispersed particles.
There are many ways to obtain a compatibilized blend. First, a compatibilizer can be added to the two main components when preparing the blend that can be either a Part 1: cf. ref. [66] . 1 purchased or pre-synthesized [64] . This way could be called simple compatibilization. A second way is the reactive compatibilization, where the compatibilizer itself is formed by chemical reactions during melt mixing of the blend. There are several possibilities for reactive compatibilization that usually require the presence of a compatibilization precursor.
This precursor can be one of the polymers to be blended. In that case, chains of this polymer bear reactive functions that are likely to react with end groups of the other component under the experimental conditions of blending, with or without a catalyst [7] [8] [9] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [54] [55] [56] [57] [58] [59] [60] (route (A), Fig. 1 ).
Fig. 1. Compatibilization route (A)
The compatibilization precursor can also be a third polymer that again bears functions reactive towards polymer B and that is fully miscible with polymer A [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] 63] (route (B), Fig. 2 ).
Fig. 2. Compatibilization route (B)
A third reactive compatibilization route consists in the in situ polymerisation of polymer B in the presence of polymer A. The polymerisation is initiated on reactive sites borne by polymer A [47, 65] (route (C), Fig. 3 ).
Fig. 3. Compatibilization route (C)
Usually, impact toughened blends are obtained through melt blending of a 'brittle' thermoplastic matrix (here PA12) and a soft phase. The latter often consists of an elastomer (EPDM, EPR, …) [1] [2] [3] [4] [5] [6] [7] [8] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] 35, [47] [48] [49] [50] [51] [54] [55] [56] , or a polyolefin such as PE or PP [3, 7, [29] [30] [31] [32] [33] [34] [41] [42] [43] 46, [57] [58] [59] [62] [63] [64] [65] . The impact modifier itself can also be a multiphase material like ABS or SEBS [9] [10] [11] [26] [27] [28] [29] 35, 39, 40, 52] . For binary blends, the size of the dispersed particles depends mostly on the viscosity ratio of the two phases during melt blending, on processing parameters such as shear rate or processing time and on the weight ratio of the phases [1, 4, 21, 56, 67, 68] .
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The compatibilization of polymer blends has a multiple goal. As long as the impact properties are concerned, it enables a diminution of the interfacial tension that results in lower particle sizes [19] [20] [21] [22] [23] [24] [25] [26] [27] [30] [31] [32] [40] [41] [42] [44] [45] [46] [55] [56] [57] [58] 60, 64] . Such a method can thus offer a way of controlling the dispersion in order to obtain better impact toughness. Moreover, the compatibilizer is located at the interface. There is thus a covalent chemical bonding between the two phases that ensures good stress transfer and prevents decohesion of the interface [24, 26, 32, 64] .
Even if the size distribution is dependent on the presence of a compatibilizer, the global amount of compatibilizer, whatever the chosen compatibilization route, has not much effect on the particle size. Only a small amount of compatibilizer can indeed be efficient enough to obtain a fine dispersion and improved impact properties. Moreover, it has been observed that the efficiency of the compatibilization levels off past a certain compatibilizer amount in terms of both particle size and impact toughness [17, 26, 33, 40, 45, 58, 60, 64] . This effect was attributed by Hallden et al. to a saturation of the interfacial area [64] .
In this study, we intended to use, instead of a ready-made elastomer, a liquid oligomer precursor, HTPB. It was shown in a previous paper [66] that this polybutadiene is easily dispersible in PA12, and that good dispersions can be obtained for binary blends. Those binary blends proved to exhibit improved impact properties. However, the choice of HTPB was mostly due to its functionality that enables reactive compatibilization in the case of the compatibilized blends. The compatibilization route we chose consists in the simple addition of a small difunctional molecule during blending, the functions of which are likely to react with both the amine end groups of PA12 and the hydroxyl functions of HTPB (route (D), Fig. 4 ). Such reactivity can indeed lead to the formation of a block copolymer at the particle/matrix interface. Pyromellitic anhydride (APy) was chosen as a compatibilization precursor. Blends of PA12 and HTPB compatibilized by pyromellitic anhydride were prepared. Their morphology was investigated and compared to that of a binary blend. The evolution of the morphology during blending was observed, and the formation of a compatibilizing copolymer was shown. The role of the order of introduction of the components during blending was investigated in order to determine which procedure would lead to the finest dispersion.
Results and discussion

Functionality of PA12
The amine functionality of PA12 AECHVO was conductometrically determined to be 0.25 NH 2 per chain. In fact, the functionality of crude pellets was 0.5, but it turned out to decrease down to a stable value of 0.25 after a few minutes melt processing. The excess functions were assumed to be due to residual lactam in the pellets. The lactam indeed is opened during titration, and therefore titrated as if it was an amine end group of PA12, thus leading to an overestimated functionality. During melt processing, this artefact disappears because the residual lactam is opened by the acid end groups of PA12. All this was explained in detail in a former paper [66] . 0.25 was therefore taken as the real functionality.
According to Lê [69] , the acid functionality of PA12 AECHVO is 1.1. The remaining chain ends were not further determined and were assumed to be non-reactive groups incorporated for chain growth monitoring purpose during polymerization.
Chemical reactivity in binary blends of PA12 and HTPB
It was shown in a previous paper [66] that in a binary blend PA12 and HTPB could be considered, under our processing conditions, as chemically inert. Indeed, HTPB undergoes no thermal crosslinking. Besides, PA12 undergoes neither chain scission nor chain extension during melt processing. Finally, the possible esterification reaction between the OH functions of HTPB and the carboxylic acid end groups of PA12 seems not to occur.
Chemical reactivity of APy towards PA12
It is well known that, when reacting a molten amine-terminated polyamide with an anhydride, there is a competition between two reactions, one being the reaction of the anhydride with the amine end group of the PA chain, the other one being the reaction of the anhydride with an amide linkage of the PA chain. The former leads to the formation of an imide linkage at the end of the PA12 chain, the latter, after a chain scission reaction, also leads to an imide group (Fig. 5 ). Those two reactions have been widely studied [19, 22, 55, 69] , and it has been shown that the polyamide chains undergo no chain scission reaction until all the amine end groups have reacted. Therefore, no degradation is supposed to occur as long as there is no excess of anhydride functions.
For the study of blends of PA12 and APy, as well as for the study of blends of PA12 and HTPB compatibilized by APy, α represents the ratio of anhydride to amine functions. When preparing compatibilized blends, different ratios α will be investigated. Since we intended to use APy as a binder between PA12 and HTPB chains, anhydride functions might be in excess towards the amine functions. It was therefore important to determine the influence of the excess anhydride on PA12. Two blends of PA12 and APy were prepared, and , with α = 4 and 12. The Brabender mixing curves of those two blends are shown in Fig. 6 , with the mixing curve of pure PA12 as a reference. Conductometric titrations showed that, after mixing, there was no amine end group left in both blends and . After fusion of the PA12 pellets, the torque levelled off. After addition of excess APy, the torque remained stable for blend and decreased continuously for blend . This decrease is due to a diminution of the melt viscosity of PA12 induced by the chain scissions. One can wonder why no diminution is noticed for blend . This phenomenon can be explained by a calculation of the average molar mass modification undergone by PA12 in both blends.
Four reactions (Fig. 7) are likely to occur during the melt reaction of PA12 with HTPB: -reaction 1: imide linkage formation through reaction of an amine end group of a PA12 chain and an anhydride function of a free APy molecule, -reaction 2: imide linkage formation through reaction of an amine end group with an anhydride-functionalized PA12 chain, -reaction 3: scission of a PA12 chain by a free APy, -reaction 4: scission of a PA12 chain by an anhydride-functionalized PA12 chain. Fig. 7 . Possible reactions in a PA12 / APy blend.
NH 2 = amine-terminated PA12 chain, A-A = APy, I = imide linkage, A = anhydride function Reaction 4 does not change the average length of the chains, and therefore does not affect the number-average molar mass (M n ). M n is not changed by reaction 1. Each reaction 3 leads to a decrease of M n . Let x be the fraction of amine-functionalized PA12 chains leading to reaction 1. Then, since all the amine functions react, (1 -x) is the fraction of those chains undergoing reaction 2 that leads to an increase of M n .
Let us consider what happens for blend . In that case (α = 12), there are 6 APy molecules for 4 PA12 chains (i.e., 1 amine function), one of the latter bearing one amine end group. Hence, for 4 PA12 chains, there shall be x reactions 1, (1 -x) reactions 2, and therefore (6 -x) reactions 3. The total number of 'efficient' chain scission (reaction 3 -reaction 2) will therefore be:
Each efficient scission leads to the formation of one more chain. Hence, where we initially had 4 chains, the final number of chains is 9. The new M n shall therefore be the initial one, divided by 9/4, i.e., 2.25. Such a decrease is high enough to be significantly observed on the mixing curve.
In the case of blend , the same calculation would lead to the result that the molar mass is only divided by 1.25. That decrease is quite negligible and is therefore not noticed on the mixing curve.
In order to confirm this calculation, the molar mass distribution of blend was determined by size exclusion chromatography (SEC) and compared to that of PA12. The chromatograms are plotted in Fig. 8 . The integration of the peaks led to numberaverage molecular weights of 55 400 eq. PS for PA12 and 24 600 eq. PS for blend . Those results are in good agreement with the above calculation. The ratio of the SEC molecular weights is indeed equal to the predicted value of 2.25.
It can therefore be concluded from this study that PA12 undergoes no chain extension when being melt-mixed with APy and that the chain scission reactions do not lead to a significant decrease of viscosity unless the excess of anhydride is very high.
Reactivity of APy towards HTPB
The role of APy in our system is to promote the formation of a compatibilizing copolymer. This requires a good reactivity towards both PA12 (which has been shown in the last paragraph) and HTPB. The latter is the subject of this section. One can wonder whether, in our conditions, APy should be considered as di-or tetrafunctional towards HTPB. Indeed, if a hydroxyl function of HTPB reacts with an anhydride function of APy, a carboxylic acid function will be freed, which is in turn likely to react with another OH function, according to the two-steps scheme in Fig. 9 . Those two theories require the equireactivity of the functions of the multifunctional reagents. This hypothesis is rarely verified, and it is not in our system. But it has been shown that one can allow this approximation without making a huge error in gel point prediction [70] . The value of the weight-average functionality of HTPB is a problem for the application of Eq. (2), since two different values (2.93 and 4.45) are given in the literature. Djaieche [71] found that the first one was in good agreement with his experimental results; we therefore used 2.93. 28 g HTPB were processed in an internal mixer at 200°C with 1 g APy (i.e., 2.6 OH functions per anhydride function). The mixing curve is shown in Fig. 10 . The predicted gel point values are listed in Tab. 1. Fig. 9 occur. It is obvious from Fig. 10 that there is indeed crosslinking. Therefore, this experiment shows that APy can react with HTPB and that it is more than difunctional towards HTPB under our processing conditions.
Investigation of the compatibilizing effect of APy in blends of PA12 and HTPB
The dual reactivity of APy towards both PA12 and HTPB has been proved, but this is not enough to be sure that a compatibilizing copolymer is really formed during melt blending of these 3 components. In order to investigate this point, two 10% HTPB blends, and , were prepared without and with APy. Fig. 11 shows the evolution of the torque during preparation of these two blends.
After dispersion of HTPB in the PA12 matrix, the torque remains stable for blend , showing that no reaction occurs. On the other hand, in blend , APy is introduced after stabilization of the torque, and then the torque starts to increase. This increase has to be due to reactions involving APy, since there is no increase in blend . Moreover, it cannot be a result of chain extension of PA12, since there was no increase of the torque in blend where the α ratio was very close to that of blend . Therefore, the reaction leading to the increase of the torque shall involve at least both APy and HTPB. Such a reaction can be either crosslinking of HTPB or copolymer formation. In order to determine whether the PA12 chains are also involved in the reactions, samples were taken from the blends during mixing. The amine content was determined conductometrically. Evolutions of the amine end group content in blends and are plotted in Fig. 12 . On both curves, the quick disappearing of half the amine groups in the very first minutes of processing appears clearly [66] . After addition of HTPB, the amine content remains at its level until the end of processing in the case of blend and until the addition of APy in the case of blend . The titration method is therefore not affected by the presence of HTPB in the blend. After addition of APy, there is a quick drop of the amine content that shows that APy reacts with the amine end groups of PA12. This reaction is very fast, but it appears to be incomplete, since the final amine content shows that amine end groups remain. Since all the amine functions did react in blend , it can be concluded that, in blend , both reactions between APy and PA12, and APy and HTPB occur simultaneously. The formation of the expected compatibilizing copolymer is therefore highly probable. The evolution of the morphology during processing of those two blends was observed by scanning electron microscopy (SEM). Fig. 13 and Fig. 14 show the micrographs taken from cryofractured samples withdrawn during blending of blends and . Fig. 15 shows the evolution of the number-average diameter of the dispersed particles.
As it could be expected, the evolution of the particle size is similar in the two blends until the addition of APy. The diameter decreases in the binary blend and reaches a pseudo plateau that shows that the best dispersion (in these conditions) is obtained after 850 s (Fig. 13d) . In blend , after introduction of APy, the average diameter keeps on decreasing (Fig. 14d and e) when it is stable in the binary blend. That further decrease has to be due to a diminution of interfacial tension, since no other processing parameter has been modified. The finer dispersion can, therefore, undoubtedly be attributed to a compatibilization mechanism, i.e., to the formation of the expected compatibilizing copolymer. One can however wonder why the divergence between the two curves does not occur immediately after APy addition, since it was shown that the APy / NH 2 reaction is very fast. This effect must be due to both the slower reaction between APy and HTPB and to the diffusion of the compatibilizing copolymer. In order to bring one more evidence of compatibilization, the HTPB dispersed phase was extracted from both blends, and the remaining matrix phase was characterized by FTIR. Fig. 16 shows the FTIR spectra obtained for PA12 and binary blend , and Fig. 17 those obtained for PA12 and compatibilized blend . Fig. 16 shows that the HTPB dispersed phase is fully extracted from blend , since the 967 cm -1 peak, characteristic of the vinyl double bonds of HTPB, disappears after treatment. On the other hand, Fig. 17 shows that total extraction of HTPB from the PA12 phase could not be achieved, since the 967 cm -1 peak is still present. It can hence be concluded that covalent chemical bonding between PA12 and HTPB exists in blend . 
Determination of the optimal order of introduction of the components of a compatibilized blend
It is known that, in the most cases, different mixing procedures for the same compositions can lead to different morphologies and therefore to different properties. We supposed that the best properties would be obtained for the finest particle dispersion, and therefore prepared 3 different compatibilized blends ( , and ) with the same composition but blended following different procedures, in order to determine which one would lead to the best dispersion. In blend , APy and HTPB were added simultaneously to pre-molten PA12, in blend APy was added to a pre-blended mixture of PA12 and HTPB, and finally blend was obtained by addition of PA12 pellets to pre-mixed HTPB and APy. The micrographs in Fig. 18 show that the final morphologies of these blends are significantly different. As a comparison with a binary blend, the micrograph of binary blend is added in this figure. It appears that the morphology of blend is very similar to that of the binary blend ( Fig. 18a and b) , whereas the dispersion of HTPB is much finer in blend (Fig. 18c) . Blend (Fig. 18d ) exhibits a different morphology, with a population of very big particles (> 20 µm) and a population of finer particles, similar to those of blend . These morphologies can be explained according to the schemes in Fig. 19 . In blend , HTPB is already well dispersed, as it is in a binary blend when APy is added. Therefore, the interfacial area between the phases is high, and the diffusion of APy molecules through either continuous or dispersed phase to the interface is favoured by both small interparticular distance and small particle size. The probability of interfacial reaction, and therefore linkage, is hence the highest in that case. The high amount of formed compatibilizer explains the good dispersion ( Fig. 18c and Fig. 19c ). In blend (Fig. 19b) , HTPB and APy were added to molten PA12 at the same time. HTPB is not as well dispersed as in blend when APy starts to react. Besides, the fast reaction of APy molecules present in the PA12 is likely to prevent them from migrating to the interface since the interparticular distance is, at this moment, very high. The probability of interfacial reaction would therefore be much lower than in blend , which explains a morphology close to that of the binary blend. In blend , HTPB and APy were mixed for 5 min before PA12 was added. One can expect that HTPB will be partially crosslinked in the first minutes. That would explain the population of large particles. Besides, the reaction between APy and HTPB is slower than that between APy and PA12. Despite the large particle size at the beginning of the last mixing step, the non-reacted anhydride functions can therefore diffuse to the interface, leading to interfacial formation of some compatibilizing copolymer. This would be the cause of the small particles observed. It appears then that the blending procedure used for blend is the most in favour of the interfacial formation of a compatibilizer, and therefore of a good dispersion of HTPB in PA12.
Experimental part
Materials
PA12 used in this study is a Rilsan 12 AECHVO supplied by ATOFINA (M n = 20 000). The polybutadiene is a PolyBd R45 HT, supplied by ATOFINA (M n = 2800, 22% 1,4-cis double bonds, 56% 1,4-trans double bonds, and 22% vinyl double bonds [72] [73] [74] [75] [76] [77] ). APy was purchased from Acros.
Amine functionality of PA12 PA12 was dissolved in boiling phenol/water (90/10), then the solution was allowed to cool to room temperature prior to conductometric titration with aqueous HCl (0.1 N).
Processing of the blends and of pure PA12 Prior to blending, PA12 pellets and liquid HTPB were dried in a vacuum oven (80°C, 2 mm Hg) for at least 12 h in order to remove any residual water that would lead to chain scission of PA12 through hydrolysis. The mixing chamber was preheated at 200°C and flushed with nitrogen. PA12 was introduced in the mixer, with the rotation rate of the blades fixed at 10 or 20 rpm. HTPB was introduced in the mixer after full fusion of the PA12 pellets, indicated by a stabilisation of the torque. The mixing chamber was continuously flushed with nitrogen during processing. The internal mixer used was a Brabender PL2000 Plasticorder. The composition of blends to is listed in Tab. 2.
SEC of PA12
In order to make it soluble in dichloromethane, PA12 was chemically modified with trifluoroacetic anhydride [66, 78] . About 50 mg PA12 were added to 5 mL dried CH 2 Cl 2 . Trifluoroacetic anhydride was added in large excess (about 0.5 g). After 1 h stirring, a clear solution was obtained. After vacuum extraction of the solvent, the excess trifluoroacetic anhydride and the formed trifluoroacetic acid, the trifluoroacetylated PA12 was dissolved in 3 mL dichloromethane prior to SEC analysis. Extraction of the dispersed phase
The blends were dissolved in boiling phenol/water (90/10) and then precipitated into diethyl ether in order to remove HTPB.
IR
FTIR spectra were obtained from melt pressed films with a Perkin Elmer Spectrum 2000 apparatus.
Morphology studies
The morphology of the prepared blends was studied by SEM on crude blends out of the mixer. The morphology was observed on cryofractured samples the surfaces of which were coated with gold by standard sputtering. The size and the number of dispersed particles were determined via ArcView GIS software. A shape recognition algorithm was used to isolate spherical dispersed particles, the diameters of which were calculated from the surface area. Then, the number-average diameter D n was determined for each sample according to Eq. (3). The observation of dispersions on cryofracture surfaces leads to an underestimated particle size. The diameter of the observed sections is indeed inferior to that of the spheres, unless each one would be sectioned through its equatorial plane. For reasons explained in a previous paper [66] , we decided to ignore these correction problems, and the average particle diameters in this paper were calculated directly from the observed section diameters.
Conclusion
It was shown in a previous paper that HTPB was easily dispersible in a PA12 matrix and that the materials thus obtained exhibit enhanced impact properties [66] . It is besides known that the properties of impact toughened materials are generally better when they are compatibilized. We therefore developed a simple compatibilization method for blends of PA12 and HTPB that consists in adding to the blend a difunctional reagent, APy, that turned out to react with both the PA12 and the HTPB chains in order to form a compatibilizing copolymer. This method leads to finer dispersions, provided that an appropriate mixing procedure is applied that enables interfacial reaction.
